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Abstract

The kinetics of the CH3 + HO2 bimolecular reaction and the thermal decomposition of CH3OOH are
studied theoretically. Direct variable reaction coordinate transition state theory (VRC-TST), coupled with
high level multireference electronic structure calculations, is used to compute capture rates for the
CH3 + HO2 reaction and to characterize the transition state of the barrierless CH3O + OH product chan-
nel. The CH2O + H2O product channel and the CH3 + HO2 ? CH4 + O2 reaction are treated using var-
iational transition state theory and the harmonic oscillator and rigid rotor approximations. Pressure
dependence and product branching in the bimolecular and decomposition reactions are modeled using
master equation simulations. The predicted rate coefficients for the major products channels of the bimo-
lecular reaction, CH3O + OH and CH4 + O2, are found to be in excellent agreement with values obtained
in two recent modeling studies. The present calculations are also used to obtain rate coefficients for the
CH3O + OH association/decomposition reaction.
� 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In some combustion systems at moderate tem-
peratures and high pressures, the stabilization of
H + O2 to form hydroperoxyl radicals is favored
over explosive chain branching, and CH3 and
HO2 are the dominant species in the radical pool.
The CH3 + HO2 reaction competes with methyl
self-recombination as the major sink for CH3.
The relative significance of these pathways for
CH3 consumption has important consequences,
as the hydroperoxyl reaction produces the reactive

species OH and H, whereas the self-recombination
reaction is chain terminating [1]. For example, in a
modeling study of CH4/O2 at high pressures, the
CH3 + HO2 reaction was found to be an impor-
tant source of OH during ignition, and the
authors identified this reaction as one requiring
further study [2].

The bimolecular reaction of methyl radical and
hydroperoxyl radical may proceed indirectly via
an energized complex

CH3 þHO2 ! CH3OOH�ðþMÞ
! CH3OþOH ð1aÞ
! CH2OþH2O ð1bÞ
! CH3OOH ð1cÞ
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or via hydrogen abstraction

CH3 þHO2 ! CH4þ3O2 ð1dÞ
! CH4þ1O2 ð1eÞ

Reaction (1a) leads to the formation of H atoms
through the subsequent fast decomposition of
CH3O. Direct measurements of the rate coeffi-
cients for Reaction (1) are not available.

Reaction (�1d) was recently studied experi-
mentally and theoretically at elevated tempera-
tures [3]. The theoretical rate coefficient, which
was in good agreement with the accompanying
experimental measurements, was higher than pre-
vious estimates [4–8] by factors of 3–10. The values
for k1d appearing in many popular reaction mech-
anisms [1,9–13] (summarized in Table 1) are based
on the earlier, lower recommendations for k�1d

and may be expected to suffer from similar errors.
Baulch et al. [8] recommended k1a = 3 �

10�11 cm3 molecule�1 s�1 with an uncertainty of
an order of magnitude based on a set of indirect
measurements [14]. The reaction mechanisms
summarized in Table 1 adopt values for k1a within

this range (1.3–6.3 � 10�11 cm3 molecule�1 s�1),
but the rate coefficients still vary from one another
by as much as a factor of 5. Product channels
other than (1a) and (1d) are not expected to be
important. Note that the reaction mechanisms
summarized in Table 1 predict branching ratios
for the CH3O + OH and CH4 + O2 products
varying from 3:1 to 43:1, and this branching ratio
may be important in controlling ignition in high
pressure systems.

Scire et al. [1,12] perturbed the well character-
ized lean moist CO oxidation system with meth-
ane in flow reactor experiments, and they used
modeling studies to extract rate coefficients for
the two major product channels of Reaction (1).
Under their conditions and in the absence of
CH4, CO was primarily consumed by OH. At
low pressures (�1 atm) and when small amounts
of CH4 were added to the system, CO oxidation

was found to be suppressed, as CH4 consumed
OH much faster than CO. At high pressures, how-
ever, the addition of CH4 was found to increase
the rate of CO oxidation. The authors identified
the CH3 + HO2 reaction as an important process
under these conditions, and the resulting forma-
tion of CH3O + OH explained the increased com-
bustion of CO. A detailed error analysis was
performed, and the values they obtained for k1a

and k1d have considerably reduced uncertainties
relative to previous estimates. Their revised value
of k1d is higher than previous estimates, as sug-
gested by the results and analysis given in Ref.
[3], and the revised branching ratio (5:1) indicates
significantly more formation of CH4 + O2 relative
to earlier reaction mechanisms.

Recently, the hydrocarbon oxidation mecha-
nism of Curran [13] was updated with values for
k1a and k1d close to those of Scire et al. This agree-
ment is encouraging, but some uncertainty
remains due to the indirect nature of these
determinations.

Zhu and Lin previously characterized the
CH3OOH system theoretically [15]. The rate coef-
ficient they obtained for (1a) at 1000 K is �3 times
larger than those of Scire et al. and Curran, as
shown in Table 1, but is in good agreement with
the GRI-Mech parameterization. The value pre-
dicted for (1d), on the other hand, is in good
agreement with the recent models and is signifi-
cantly higher than the earlier reaction mechanism
parameterizations. The resulting branching ratio
predicted by Zhu and Lin at 1000 K (10:1) is at
the low end of the range of branching ratios for
the earlier reaction mechanisms, but it is still
markedly higher than the branching ratios for
the recently revised mechanisms of Curran and
Scire et al.

Theoretical predictions of the kinetics of Reac-
tion (1) are complicated by the presence of the
CH3 + HO2 and CH3O + OH barrierless pro-
cesses. In the theoretical study of Zhu and Lin,
the flux through the transition state for the barri-
erless channels was evaluated using the rigid rotor
and harmonic oscillator (RRHO) approxima-
tions, which are of dubious validity for barrierless
reactions.

Variable reaction coordinate transition state
theory (VRC-TST) [16–18] has been developed
to accurately treat barrierless reactions. Its direct
implementation, in which the interaction potential
of the reacting fragments is evaluated on-the-fly
using multireference electronic structure calcula-
tions, allows for the efficient computation of
quantitatively accurate rate coefficients. In recent
studies of systems with as many as eight carbon
atoms, the VRC-TST method was shown to be
computationally practical and to predict rate coef-
ficients with estimated errors of less than 25% for
a series of hydrocarbon radical–radical associa-
tion reactions [19,20]. The ab initio VRC-TST

Table 1
Rate coefficients for the major products of Reaction (1)
at 1000 K (10�11 cm3 molecule�1 s�1) and the CH3O +
OH branching fraction P1a

Source k1a k1d P1a

Baulch et al. [8] (review) 2.99 0.26a 0.92
Leeds 1.5 [9] (modeling) 2.99 0.07a 0.98
Konnov [10] (modeling) 1.33 0.07a 0.95
GRI-Mech 3.0 [11] (modeling) 6.28 0.17 0.97
Scire et al. [1,12] (modeling) 2.50 0.53 0.83
Curran [13] (modeling) 1.83 0.60 0.75
Zhu and Lin [15] (theory) 6.42 0.61 0.91
Present theory 1.50 0.43 0.78

a The rate coefficient included in the mechanism for
Reaction (�1d) was transformed using the thermochem-
istry in Baulch et al. [8].
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method was also recently used to describe the
kinetics of the CH3 + OH association reaction
with similar accuracy [21].

In the present study, the direct ab initio VRC-
TST method is used to characterize the barrierless
processes in Reaction (1). The kinetics of the
hydrogen abstraction reactions and the
CH2O + H2O product channel are treated using
variational transition state theory and the RRHO
approximation. Pressure dependence and product
branching are modeled using master equation
(ME) simulations. The methods used here were
recently validated for the CH3OH system, where
good agreement was obtained between the theo-
retical predictions and a wide variety of experi-
ment results [21].

We also consider the thermal decomposition of
methylhydroperoxide

CH3OOH!CH3OþOH ð2aÞ
!CH2OþH2O ð2bÞ
!CH3 þHO2 ð2cÞ

which has been previously studied experimentally
[22] over a limited temperature range (600–
700 K), and these results were adopted in a recent
review [8]. The experimental results were assigned
considerable uncertainty.

The present calculations are also used to char-
acterize the CH3O + OH association/decomposi-
tion reaction, which is briefly discussed.

2. Theory

2.1. Potential energy surfaces

In the VRC-TST rate calculations for the
CH3 + HO2 and CH3O + OH reactions, the inter-
action potential energy surfaces were obtained for

structures of the reacting fragments fixed at their
isolated B3LYP/6-311++G(d,p) [23,24] equilib-
rium geometries. The remaining degrees of free-
dom, describing the relative orientation and
separation of the fragments, were treated as fully
coupled to one another and anharmonic, and
the interaction potential was computed on-the-
fly using multireference perturbation theory
(CASPT2) [25].

The active spaces for the CASPT2 calculations
were chosen to be the minimum required to cor-
rectly describe the separated fragments: two elec-
trons in two orbitals for the CH3 + HO2

addition reaction, and six electrons in four orbi-
tals for the CH3O + OH reaction. To avoid root
flipping problems when evaluating the
CH3O + OH interaction energy, orbitals were
optimized to minimize the average energy of the
four lowest-energy states, which correlate asymp-

Fig. 1. QCISD(T)/CBS//B3LYP/6-311++G(d,p) chan-
nel energies and stationary point energies at 0 K.
Energies for the CH4 + 3O2 product channel are taken
from Ref. [3].

Table 2
Reaction enthalpies and stationary point energies at 0 K (kcal/mol)

Reaction Presenta Zhu and Linb Experimentc

CH3 + HO2?
CH3O + OH �24.47 �24.8 �23.8 ± 0.5
CH4 + 1O2 �25.56 �29.4
CH4 + 3O2 (�54.8)d �58.2 �55.4 ± 0.1
CH3OOH �67.11 �70.5 �66.8 ± 1.0
CH2O + H2O �122.88 �126.1 �121.7 ± 0.2
[CH3OOH M CH2O + H2O]� (SP1) �19.33 �24.1
[CH3 + HO2 M CH4 + 3O2]� (SP2) (�1.9)d �0.7
[CH3 + HO2 M CH4 + 1O2]� (SP3) 20.2 (8.8)e 4.1
3[H3C� � �HO2] (vdW) (–2.5)d �1.9

RMS deviation from experiment 0.8 3.2
a QCISD(T)/CBS//B3LYP/6-311++G(d,p) unless otherwise indicated.
b Previous theoretical results [15] obtained using G2M theory.
c From Ref. [33].
d CCSD(T)/aug-cc-pVTZ//CCSD(T)/aug-cc-pVDZ, from Ref. [3].
e CAS+1+2+QC/CBS//CASPT2/aug-cc-pVTZ.
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totically with the doubly degenerate 2P state of
OH and the doubly degenerate ground state of
C3v CH3O.

The neglect of Jahn–Teller distortion in CH3O
when evaluating the interaction energy simplifies
the rate calculations and is not a significant source
of error, as discussed elsewhere for the CH3O + H
reaction [21]. Jahn–Teller rovibronic coupling is
neglected when evaluating the partition function
of the CH3O reactant. Marenich and Boggs [26]
computed thermodynamic functions for the spin-
vibronic CH3O system (including Jahn–Teller
and spin–orbit effects), and the enthalpies and
entropies they reported differ by no more than
3% from the RRHO estimates used here. Such
excellent agreement is likely fortuitous, and larger
errors in the RRHO approximation may be
expected in general for Jahn–Teller coupled
systems.

For the CH3O + OH reaction, the spin–orbit
splitting associated with the 2P state of the OH
fragment was included as described in Ref. [21]
for the CH3 + OH reaction. A level shift [27] of
0.3 Eh (1 Eh = 627.5 kcal/mol) was applied in all
of the CASPT2 calculations. The cc-pVDZ and
aug-cc-pVDZ Dunning basis sets [28,29] were
used, and basis set convergence of the predicted
rate coefficients will be discussed in Section 3.

Stationary point and channel energies on the
CH3OOH potential energy surface were computed
using B3LYP/6-311++G(d,p) geometries and
QCISD(T) [30,31] energies extrapolated to the
complete basis set (CBS) limit [32] using the cc-
pVTZ and cc-pVQZ basis sets [28]. QCISD(T)/
CBS enthalpies at 0 K, including harmonic
B3LYP/6-311++G(d,p) zero-point energy correc-
tions, are shown in Fig. 1 and summarized in
Table 2, where they are compared with experi-
mental values [33]. The QCISD(T)/CBS//
B3LYP/6-311++G(d,p) energetics are in good
agreement with the experimental results, with a
root-mean-square error of only 0.8 kcal/mol.
Zhu and Lin [15] previously characterized this sys-
tem using G2M theory [34], and the results are
also shown in Table 2. Matthews et al. [35]
recently measured the bond dissociation energy
of the O–O bond in CH3OOH to be
42.6 ± 1 kcal/mol, which is in excellent agreement
with the present value (42.6 kcal/mol).

The Q1 diagnostic [36] is used to estimate the
importance of multireference effects and thereby
the reliability of the QCISD(T) calculations. For
most of the species considered here, the Q1 diag-
nostic was less than �0.02, suggesting that the
QCISD(T) method is appropriate for these sys-
tems. The Q1 diagnostic for the saddle point for
H abstraction on the singlet surface (SP3) was
0.17, indicating that this energy is unreliable
and that multireference methods are required
for accurately modeling this process, as discussed
next.

The geometry of SP3 was optimized using the
CASPT2/aug-cc-pVTZ method with an active
space of 4 electrons and 3 orbitals (4e,3o). These
orbitals correspond to the radical orbitals of the
A0 and A00 ground states of HO2 and the radical
orbital of CH3. The presence of a low-lying
excited state near SP3 required the use of state
averaging in the CASSCF orbital optimization
step of the CASPT2 calculations. The optimized
CASPT2/aug-cc-pVTZ geometry differs signifi-
cantly from the B3LYP/6-311++G(d,p) geome-
try. Specifically, the forming (H3C–HO2) and
breaking (H3CH–O2) bond distances predicted
by the B3LYP method are 0.2 Å longer and
0.1 Å shorter, respectively, than those predicted
by the CASPT2 method. The orientation of the
reacting fragments is also significantly different.

Fig. 2. Present predicted rate coefficient for the
CH3 + HO2 ? CH3O + OH reaction (solid line). The
previous theoretical result of Zhu and Lin [15] (dotted
line) and values from the recently updated reaction
mechanisms of Scire et al. [1,12] (diamond) and Curran
[13] (circles) are also shown.

Fig. 3. Rate coefficient for the CH3 + HO2 ? CH4 + O2

reaction. Symbols are the same as in Fig. 2.

282 A.W. Jasper et al. / Proceedings of the Combustion Institute 32 (2009) 279–286
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The CASPT2/aug-cc-pVTZ method predicts a Cs

structure for SP3, whereas the B3LYP/6-
311++G(d,p) saddle point has no symmetry.

The zero-point-inclusive barrier height pre-
dicted by the CASPT2/aug-cc-pVTZ method is
only 1.8 kcal/mol, which is much lower than the
QCISD(T)/CBS//B3LYP/6-311++G(d,p) barrier
height reported in Table 2 (20.2 kcal/mol). The
QCISD(T)/CBS//CASPT2/aug-cc-pVTZ barrier
height is 11.7 kcal/mol, intermediate of the two
results. One may question the use of a single refer-
ence method (QCISD(T)) for making a high level
energy correction for this multireference system.
We therefore also performed calculations with
the Davidson corrected [37] multireference config-
uration interaction with singles and doubles
(CAS+1+2+QC/CBS//CASPT2/aug-cc-pVTZ)
method [38], which predicts a barrier height
of 8.8 kcal/mol, in fair agreement with the
QCISD(T)/CBS//CASPT2/aug-cc-pVTZ result.
We take 8.8 kcal/mol as the best estimate of the
barrier height, but we assign this barrier height
an uncertainty of 3 kcal/mol. The effect of this
uncertainty on the kinetics of Reaction (1e) will
be discussed in Section 3.

The saddle point for H abstraction on the trip-
let surface (1d) could not be located at the
B3LYP/6-311++G(d,p) level of theory. The
reverse process was previously characterized in
detail using CCSD(T)/aug-cc-pVDZ geometries
and frequencies and CCSD(T)/aug-cc-pVTZ ener-
gies, and good agreement between the predicted
and measured rate coefficients over a wide temper-
ature range was obtained in that study [3]. In the
present study, we therefore simply adopt the pre-
vious theoretical values, transformed via the equi-
librium constant obtained using the geometries,
frequencies, and energies calculated in Ref. [3].

The Gaussian program package [39] was used
to perform the density functional theory calcula-
tions and geometry optimizations, and the Mol-
pro program package [40] was used to perform
the QCISD(T), CASPT2, CAS+1+2+QC, and
spin–orbit calculations.

2.2. Rate calculations

The kinetics of the barrierless CH3 + HO2

reaction and CH3O + OH product channel were
calculated using the VRC-TST method [16–18],
as implemented in the computer code VaReCoF
[41]. The geometry dependence of the optimal
dividing surface for barrierless reactions may vary
significantly as a function of total energy E, total
angular momentum J, and temperature. In the
present work, several types of dividing surfaces
were considered, and the optimal dividing surface
for each E,J pair was determined variationally.
For both the CH3 + HO2 and CH3O + OH reac-
tions, center of mass (CoM) dividing surfaces
were included, where these dividing surfaces are

defined in terms of a fixed CoM separation vary-
ing from 2 to 9 Å. For the CH3 + HO2 reaction,
MF dividing surfaces [42] with pivot points dis-
placed from the carbon atom perpendicular to
the plane of the CH3 fragment and displaced from
the terminal O atom perpendicular to the plane of
the HO2 fragment were considered. Test calcula-
tions confirmed that MF dividing surfaces are
not important for describing the CH3O + OH
reaction, in agreement with previous VRC-TST
studies involving the CH3O and OH fragments
[21,43].

The VRC-TST rate calculations were corrected
for dynamical recrossing using the transmission
coefficient obtained in a previous trajectory study
of hydrocarbon radical–radical association reac-
tions. This value was found to be 0.85 and inde-
pendent of temperature [20].

Rovibronic coupling (i.e., the angular momen-
tum coupling of the electronic and rotational
degrees of freedom) in the OH fragment and the
CH3O + OH transition state species was treated
as described in a previous study of the CH3 + OH
reaction [21].

The kinetics of the CH2O + H2O product
channel and the CH3 + HO2 ? CH4 + 1O2 reac-
tion were characterized using the RRHO approx-
imation and microcanonical variational transition
state theory. This approach is appropriate for
reactions with finite barriers and ‘‘tight” transi-
tion states. For the CH2O + H2O channel, the
B3LYP/6-311++G(d,p) method was used to com-
pute the minimum energy path and frequencies,
and the QCISD(T)/CBS method was used to
determine the energetics. As discussed above, the
CH3 + HO2 ? CH4 + 1O2 saddle point (SP3)
has significant multireference character, and
the CAS+1+2+QC/CBS//CASPT2/aug-cc-pVTZ
method was used to obtain energies and frequen-
cies for Reaction (1e). The lowest frequency mode
for SP3 was treated as a free rotor.

3. Results and discussion

3.1. CH3 + HO2 bimolecular reaction

The VRC-TST capture rate coefficient for the
CH3 + HO2 reaction computed using the CAS-
PT2 method and the cc-pVDZ basis set is 10–
25% lower than the aug-cc-pVDZ result. Basis
set sensitivity was further tested using the basis
set correction potential (BSCP) scheme to obtain
aug-cc-pVTZ quality results, as discussed else-
where [19,20]. The BSCP calculations confirm that
the capture rate coefficient is well converged at the
aug-cc-pVDZ level.

Pressure dependence and product branching
for the indirect bimolecular Reaction ((1a)–(1c))
were modeled using ME simulations and the same
energy transfer parameters and methods that were
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recently used to model the CH3OH system [21].
Transition state information for the barrierless
CH3OOH M CH3O + OH product channel was
calculated using the direct VRC-TST method,
and these calculations are discussed in more detail
in Section 3.3 for the CH3O + OH bimolecular
reaction.

Variational transition state theory and the
RRHO approximation were used to obtain
transition state information for the
CH3OOH M CH2O + H2O product channel. The
CH3OOH M CH2O + H2O process has a 4-center
saddle point [15], as the CH3 group transfers an H
atom to O as the O–O bond breaks. Variational
effects are minor, lowering the thermal rate
coefficient by �10% relative to the TST result at
the maximum in the electronic energy, due to a
displacement of the maximum in the free energy
relative to the electronic maximum. Tunneling
prefactors computed using the one-dimensional
asymmetric Eckhart formula [44] and the multi-
dimensional small curvature tunneling (SCT) of
Truhlar and co-workers [45] are in excellent agree-
ment with one another, although the SCT method
is generally expected to be more accurate. Tunnel-
ing increases the rate coefficient for (�1b) by fac-
tors of 80 and 1.2 at 300 and 1000 K, respectively.
The best present theoretical prediction for k1�1b

was fit to 4.087 � 10�15 (T/298 K)2.679

exp(�51,624 K/T) cm3 molecule�1 s�1 for 1500–
3000 K.

Due to the low threshold energies for forma-
tion of the CH3O + OH and CH2O + H2O prod-
ucts relative to the CH3 + HO2 reactant energy,
the capture rate coefficient represents the total
indirect reaction rate, independent of pressure.
The exclusive product channel (>99%) is
CH3O + OH formation for pressures up to at
least 1000 atm He. The capture rate may therefore
be assigned to channel (1a) [k1a = 7.679 � 10�12

(T/298 K)0.2688 exp(346.0 K/T) cm3 molecule�1 s�1

for 300–2500 K].
Abstraction on the triplet surface (1d) was pre-

viously characterized theoretically [3], and the
resulting rate coefficient is adopted here
[k1d = 6.426 � 10�14 (T/298 K)2.228 exp(1521 K/
T) cm3 molecule�1 s�1 for 300–2500 K and inde-
pendent of pressure]. Rate coefficients for abstrac-
tion on the singlet surface (1e) were computed for
the CAS+1+2+QC/CBS//CASPT2/aug-cc-pVTZ
potential energy surface. The predicted rate coeffi-
cient [k1e = 7.883 � 10�15 (T/298 K)2.776

exp(�3088 K/T) cm3 molecule�1 s�1 for 300–
2500 K] is a factor of 30 lower than that for
abstraction on the triplet surface at 2000 K and
is three orders of magnitude lower at 1000 K.
There is significant uncertainty in the predicted
barrier height (8.8 kcal/mol), as discussed above.
An uncertainty of 3 kcal/mol corresponds to
errors in the predicted rate coefficient of factors
of 5 and 2 at 1000 and 2000 K, respectively. Zhu

and Lin [15] predicted a barrier height for (1e)
of 4.1 kcal/mol and a rate coefficient that is 20
and 6 times larger than the present prediction at
1000 and 2000 K, respectively. Despite the signif-
icant uncertainty in the calculated barrier height
for (1e), the present analysis confirms the previous
conclusion [15] that abstraction on the singlet sur-
face is not an important product channel for
Reaction (1).

Figures 2 and 3 show the temperature depen-
dence of the rate coefficients for the two major
product channels ((1a) and (1d)) for Reaction
(1). Also shown are values taken from the recently
revised mechanisms of Scire et al. [1,12] and Cur-
ran [13], as well as the previous theoretical predic-
tions of Zhu and Lin [15]. For k1d at 1000 K, the
theoretical values agree well with one another and
with the recent updates to the detailed reaction
mechanisms. The present value for k1a is within
the reported uncertainty of Ref. [1], whereas the
previous theoretical prediction of Zhu and Lin is
a factor of �3 higher. The present direct VRC-
TST-based calculations performed with high level
multireference electronic structure theory poten-
tial energy surfaces are expected to be more accu-
rate than the previous RRHO-based theoretical
treatment.

The present theoretical analysis provides
strong support for the recent revisions of Scire
et al. [1,12] and Curran [13] to the rate coefficients
for the CH3 + HO2 reaction. The revised model-
ing studies and the present theoretical results sug-
gest a branching ratio of �4:1 in contrast to the
earlier reaction mechanism parameterizations
and previous theoretical work.

3.2. CH3OOH dissociation

The competitive dissociation of the CH3OOH
complex was modeled using ME simulations and
the transition state information discussed above.
The complex has two torsional modes, which were
treated as hindered rotors. The H3C–OOH tor-
sion has a period of 60� and a torsional barrier
of 2.75 kcal/mol. The CH3O–OH torsion has a
period of 180� and a torsional barrier of
5.31 kcal/mol. The exclusive product channel for
reaction 2 at 500–2500 K and 1–105 Torr He is
the formation of CH3O + OH. The predicted rate
coefficients were fit to Troe forms [46] (see, e.g.,
the appendix of Ref. [21]) with the parameters
k12a ¼ 5:684� 1016 (T/298 K)�1.153 exp(�22,270
K/T) s�1, k0

2a ¼ 1:773 (T/298 K)�7.502 exp(�23,531
K/T) cm3 molecule�1 s�1, and F c

2a ¼ 0:1625
exp(�T/36,562 K) + 0.8375 exp(�T/498.8 K) +
exp(�9990 K/T). Maximum and average
unsigned fitting errors were 23% and 12%, respec-
tively. The present results are in good agreement
with Zhu and Lin [15] at 1 atm and are within
the significant uncertainty assigned to the experi-
mental results of Lightfoot et al. [22], which span
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the range 600–700 K. For example, at 1 atm and
700 K, the present result (28.4 s�1) agrees well
with that of Zhu and Lin (25.0 s�1) and Lightfoot
et al. (39.1 s�1).

3.3. CH3O + OH bimolecular reaction

The VRC-TST capture rate coefficient for
CH3O + OH association is weakly dependent on
basis set, differing by less than 5% for the cc-
pVDZ and aug-cc-pVDZ basis sets. The capture
rate coefficient represents the high pressure limit,
where CH3OOH is the exclusive product species.
ME simulations were carried out to determine
pressure dependence and product branching. The
formation of CH3OOH is the major product for
1–105 Torr and up to �1500 K. Rate coefficients
may be obtained from the Troe forms given for
(2a) in Section 3.2 and the present theoretical
equilibrium constant: Keq

2a ¼ 7:979� 10�28 (T/
298 K)1.188 exp(22,350 K/T) cm3 molecule�1 for
500–2500 K.

At higher temperatures, both the
CH3O + OH ? CH3 + HO2 ½k�1a ¼ Keq

1a k1a;
Keq

1a ¼ 8:412 (T/298 K)�0.4081 exp(�12,613 K/T)
for 500–2500 K] and CH3O + OH ? CH2O
+ H2O [k = 9.042 � 10�16 (T/298 K)2.500

exp(�949.0 K/T) cm3 molecule�1 s�1 for 500–
2500 K] products become important, and the
resulting rate coefficients are reasonably indepen-
dent of pressure.

The CH3O + OH ? CH2O + H2O hydrogen
abstraction reaction, which might be expected to
be an important process, is not considered here,
as the present study is mainly interested in charac-
terizing the kinetics of the CH3OOH M

CH3O + OH process.

4. Conclusions

A theoretical study of the kinetics of the
CH3 + HO2 bimolecular reaction and the decom-
position of CH3OOH has been performed for a
wide range of temperatures and pressures relevant
to combustion. Rate coefficients were determined
using a combination of ab initio calculations, var-
iational transition state theory, and ME simula-
tions, and comparisons were made with available
experimental and previous theoretical results.
Agreement between the present values for the rate
coefficients for the bimolecular reaction and those
obtained in two sets of recent modeling studies is
excellent. Rate coefficients for the CH3O + OH
reaction were also presented.
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